INTRODUCTION
As feed can account for up to 75% of the vari able costs in beef production systems (NRC, 2000; Finneran et al., 2010) , any means by which these costs may be reduced, without compromising ani mal performance, would be of benefit to the industry. Compensatory growth (CG), a physiological process whereby an animal has the potential, after a period of restricted feeding, to undergo enhanced growth and efficiency upon realimentation (Hornick et al., 2000) , ABSTRACT: Holstein Friesian bulls (n = 75) were used to evaluate the effect of restricted and subsequent compensatory growth on muscular and skeletal growth as well as the recovery of carcass and noncarcass com ponents. Fifteen bulls were slaughtered on Day 0 to provide baseline parameters for carcass and noncarcass measurements. Of the remaining 60 bulls, 30 were fed ad libitum (ADLIB) and 30 were fed a restricted (RES) diet to grow at 0.6 kg/d for 125 d, denoted as Period 1. After 125 d of differential feeding, 15 bulls from each group were slaughtered. The remaining bulls in both treatment groups were then offered ad libitum access to feed for a further 55 d (realimentation), denoted as Period 2, after which they were also slaughtered. All animals received the same diet composed of 70% concentrate and 30% grass silage throughout the exper imental trial. As planned, feed intake was greater for ADLIB bulls in Period 1 (P < 0.001); however, there was no difference in feed intake during realimentation (P > 0.05). During Period 1, RES bulls gained 0.6 kg/d whereas ADLIB bulls grew at 1.9 kg/d. During reali mentation in Period 2, RES bulls displayed accelerated growth, gaining 2.5 kg/d compared with 1.4 kg/d for ADLIB bulls (P < 0.001). This amounted to a live weight difference between treatment groups of 161 kg at the end of Period 1 after restricted feeding, which was then reduced to 84 kg at the end of Period 2 (P < 0.001).
Restricted animals achieved a compensatory growth (or recovery) index of 48% within 55 d of realimen tation. During Period 2, RES bulls displayed a better feed conversion ratio (P < 0.001) than ADLIB bulls, indicating better feed efficiency. Ultrasonically mea sured longissmus dorsi growth was greater for ADLIB bulls compared with RES bulls during Period 1; how ever, this was reversed during Period 2 (P < 0.001).
Metabolically active organs such as the liver and com ponents of the gastrointestinal tract were lighter in RES bulls at the end of Period 1, with no difference in the weights of these components after realimentation (P < 0.01). The improved feed efficiency and muscle growth observed during feed restriction induced compensatory growth may be as a consequence of latent effects of reduced requirements of energetically demanding tis sues into realimentation.
is one approach used worldwide to reduce the costs associated with beef production.
Exploitation of CG is an important component of many beef production systems, particularly in pasto ral systems where animals may have greater potential to cost effectively express the trait as pasture becomes plentiful again following restricted availability during the winter months (Drouillard et al., 1991; Ashfield et al., 2014) . However, reports in the literature on the mecha nisms controlling the expression of CG are ambiguous and remain to be fully elucidated. The interpretation of the results of these studies is often confounded by the extent and duration of feed restriction and subsequent realimentation as well as changes in diet composition between successive study periods. Despite this, all stud ies agree that the greatest increment of CG occurs during the first 2 mo of realimentation (Ellenberger et al., 1989; Hayden et al., 1993; Hornick et al., 2000) . The objec tive of this study, which is the first of 2, was to examine the effect of an industry typical period of feed restriction on feed intake and efficiency, live weight, ultrasonically measured fat and muscle, and carcass and noncarcass component growth of Holstein Friesian bulls during both feed restriction and realimentation. This study, combined with that of a companion study (Keogh et al., 2015) , aims to further interpret the metabolic control of CG, with the ultimate objective of providing a basis to identify and se lect animals with greater CG potential.
MATERIALS AND METHODS
All procedures involving animals were ap proved by the University College Dublin Animal Research Ethics Committee and licensed by the Irish Department of Health and Children in accordance with the European Community Directive 86/609/EC (http://www.dohc.ie/other_health_issues/pausp).
Experimental Design and Animal Management
Seventy-five purebred Holstein Friesian bulls were sourced from 1 commercial herd for this study. All bulls selected for inclusion in this study were reared under the same management conditions from early calfhood. After arrival at Grange Beef Research Centre (Dunsany, Co. Meath, Ireland), all bulls were vaccinated against bovine respiratory syncytial virus, parainfluenza 3 vi rus, and Pasteurella haemolytica using Bovipast RSP (Intervet, Schering-Plough Ltd., Wicklow, Ireland). Animals were also vaccinated against infectious bo vine rhinotracheitis (IBR) using Rispoval IBR-Marker Live (Pfizer Animal Health, Cork, Ireland) contain ing bovine herpes virus type 1. In addition, bulls were vaccinated for protection against the clostridial dis ease blackleg, using a vaccine containing Clostridium chauvoei (Intervet, ScheringPlough Ltd.) . The bulls were treated for internal and external parasites using Closamectin (Norbrook Laboratories Ltd., Monaghan, Ireland), containing 0.5% ivermectin and 12.5% clos antel as active ingredients. Before beginning the trial, animals were subjected to a 3mo common feeding pe riod, which consisted of ad libitum grass silage plus 2 kg of concentrate (87% barley, 7% soybean meal, 4.5% molasses, and 1.5% minerals) per bull daily. This accli matization period was used to accustom the animals to their environment and also reduce any latent influence of previous nutritional management.
At the beginning of the experiment, bulls had a mean age and live weight of 479 ± 15 d and 370 ± 35 kg, respectively. Bulls were blocked on the basis of weight, age, sire, and their pretrial live weight gain into 1 of 5 groups (15 bulls per group). Before starting the trial, 1 of the 5 groups, denoted as the pretrial slaugh ter group (PRE), was slaughtered to obtain a baseline for subsequent weights and measurements of both car cass and noncarcass components. Of the remaining 4 groups of bulls, 2 were designated to be fed a restricted diet (RES) for 125 d, with the 2 other groups receiving feed ad libitum (ADLIB) during this time. At the end of 125 d of differential feeding (Period 1), 1 RES group and 1 ADLIB group were slaughtered. The reason that both RES and ADLIB animals were divided into 2 sub groups each was to allow a number of metabolic mea surements (not reported here; Keogh et al., 2015) to be conducted on the same animals, per treatment, over the 2 periods of the experiment. The remaining RES and ADLIB groups were allocated feed ad libitum for a fur ther 55 d (Period 2), after which all remaining animals were slaughtered. During Period 1, RES animals were fed to achieve a target mean daily growth rate of 0.6 kg/d, whereas ADLIB animals were expected to gain in excess of 1.5 kg/d (based on NRC, 2000). All animals were offered a total mixed ration diet consisting of 70% concentrate and 30% grass silage on a DM basis across both periods (Table 1) . Diets were individually fed, us ing Calan gates (American Calan Inc., Northwood, NH), with the proportion of feed required estimated based on each animal's own live weight and expected rate of gain. Animals of the same treatment were penned together, and treatment pens were balanced across the shed.
Feed Intake and Feed Analysis
The chemical composition and in vitro digestibility of the forage and concentrate diet is outlined in Table 1 . Fresh feed was offered daily, with feed intake data also recorded daily. Two samples of offered grass silage, in addition to concentrate samples, were collected weekly and stored at -20°C for subsequent nutrient composi tion analysis. Samples of silage were subsequently pooled on a weekly basis for DM determination and on a 3-wk basis for chemical analysis. Concentrate sam ples were also pooled in the same manner as the silage samples. The DM of the grass silage and concentrate samples was determined after drying at 85°C for 16 h in a forcedair circulation oven. Forage DM content was corrected for volatile losses as previously described by Porter and Murray (2001) . Composited forage and con centrate samples were oven dried at 40°C for 48 h and then ground through a 1mm screen (Willey mill; Arthur H. Thomas, Philadelphia, PA) for analysis of in vitro DM digestibility and OM digestibility (Tilley and Terry, 1963) and for NDF (Van Soest et al., 1991) . Samples were analyzed for DM digestibility and OM digest ibility using a modification to the method of Tilley and Terry (1963) with the final residue isolated by filtration. The CP (nitrogen × 6.25) concentration was determined using a Leco FP-528 N analyzer (LECO Corporation, St. Joseph, MI) based on the methods of the Association of Official Analytical Chemists (AOAC, 1990 ). An Ankom (Ankom Technology Corp., Fairport, NY) fiber analyzer was used to determine NDF values using the method of Van Soest et al. (1991) . Acid detergent fiber values were analyzed using the filter bag technique of Ankom (2006) . Ether extract (petroleum ether extrac tion; 40 to 60°C boiling point) was determined using a Sortex instrument (Tecator, Hoganas, Sweden). Ash content was determined by combustion at 550°C for 5 h.
Live Weight and Musculoskeletal Measurements
Animals were weighed on 2 consecutive days at the start of the study, at the end of Period 1, and again at the end of Period 2. Additionally, throughout the study, animals were weighed every 2 wk during Period 1 and every week during Period 2. Weighing was at the same time each morning before fresh feed was offered.
Skeletal body measurements were recorded at the beginning and end of each period (d 1 and 125 in Period 1 and d 7 and 53 in Period 2). A pair of calipers was used to measure height at withers, chest depth, and pelvic width and a measuring tape was used to record chest girth and back length as detailed in Campion et al. (2009) . Each animal was ultrasonically scanned (Aquila Vet real time ultrasound scanner with a 3.5MHz transducer; Esaote Pie Medical, Pie Medical Equipment B.V., Maastricht, the Netherlands) at the start, midpoint, and end of each period to obtain longissimus dorsi (LM) depth and fat depth. Scanning was performed on the right side of each animal. The LM depth was measured at the third lumbar vertebra, where depth of this muscle is greatest (Conroy et al., 2009; Kelly et al., 2010) . Measurement was from the bottom of the subcutaneous fat layer to the top of the bone. Three fat depth measurements were taken at the third lumbar vertebra. Lumbar fat depths were calculated as the average of the 3 values recorded.
Carcass Traits and Noncarcass Components
Slaughter weight was defined as the average of the live weight recorded on the day before slaughter and the morning of slaughter. Bulls were transported to a European Union licensed commercial facility 27 km away (Euro Farm Foods, Duleek, Co. Meath, Ireland) and slaughtered within 1 h of arrival. After slaughter, carcass conformation and fat percentage were automat ically recorded on a 15point scale using video imaging analysis equipment (VBS2000; e+v Technology GmbH & Co.KG, Oranienburg, Germany) as described by Hickey et al. (2007) . Individual noncarcass components were weighed for each animal separately, including the heart, lungs, gall bladder, liver, kidneys, spleen, re ticulorumen (excluding abomasum and omasum, both full and empty), intestines (full), omasum, abomasum, kidney and channel fat, head, hide, front legs, and hind legs. All noncarcass components were expressed rela tive to slaughter weight. Linear carcass measurements (Campion et al., 2009) were recorded 1 h after slaughter on the right side of each carcass. A measuring tape was used to record the carcass length, leg length, and chest Oil A (ether extraction), g/kg 16.65
1 Soya composition: high-protein soybean meal with 47% CP, 1.8% crude oil, and 3.5% crude fiber, obtained from dehulled seeds.
2 Mineral and vitamin composition: vitamin A (10 mIU/kg), vitamin D 3 (2 mIU/kg), vitamin E (40 IU/kg), vitamin B 1 (5 g/kg), vitamin B 12 (150 mg/kg), cobalt (2 g/kg), iodine (5 g/kg), selenium (0.5 g/kg), cop per (20 g/kg), zinc (100 g/kg), manganese (50 g/kg), salt (675 g/kg), iron (20 g/kg), and calcium (50 g/kg).
depth. Calipers were used to measure the maximum leg width and the leg thickness (width of leg from the me dial splitting surface of the symphysis pubis). Carcass conformation grade and fat class score values were scaled, with 1 representing a poor conformation and 15 the best conformation in carcass conformation grade and 1 representing the leanest value and 15 the fattest in fat class scores, respectively (Hickey et al., 2007) .
Statistical Analysis
The MEANS procedure of Statistical Analysis Software (SAS Inst. Inc., Cary, NC) was used to deter mine average age and weight of the bulls. Data were checked for normality of distribution and equality of variance using the UNIVARIATE procedure. Where necessary, data were transformed using the TransReg procedure, by raising values to the power of λ. Data were analyzed using mixed models methodology (PROC MIXED; SAS). Treatment and period, as well as their interaction, were included as the main effects, with block also included as a random effect in the sta tistical model. Where no interactions were observed (P > 0.05), the data were reanalysed for main effects only. For data with repeated measures (live weights, live weight gains, linear body measurements, and muscle and fat scans), sample day was included as a repeated effect with either an unstructured or compound symme try covariance structure assumed among records within animal, as appropriate. The type of variance-covariance structure used was chosen depending on the magnitude of the Akaike information criterion for models run un der compound symmetry, unstructured, autoregressive, or Toeplitz variance-covariance structures. Differences between treatments were determined by Ftests using Type III sums of squares. The PDIFF command incor porating the Tukey test was applied to evaluate pairwise comparisons between treatment means. Table 2 summarizes the live weight, live weight gain, intake, and feed conversion ratio (FCR) data of the 2 treatment groups during both periods. As planned, RES bulls had a lower overall DMI during Period 1; however, when all bulls were subsequently allocated feed ad libitum, no difference in DMI between treat ment groups was observed during realimentation (P < 0.001). When expressed per unit of live weight, DMI was, in fact, greater in the compensating bulls during Period 2 (P < 0.001). The RES bulls achieved their tar get growth rate of 0.6 kg/d during Period 1, with ADLIB bulls growing at 1.9 kg/d during this time. During CG in Period 2, RES bulls had a greater live weight gain of 2.5 kg/d compared with 1.4 kg/d for ADLIB bulls (P < 0.001). Upon completion of Period 1, ADLIB bulls were 161 kg heavier than RES bulls. Following reali mentation of 55 d, the live weight difference between the groups had been reduced to 84 kg (P < 0.01). Feed conversion ratio was better in RES bulls in Period 1 and subsequently lower in these bulls relative to ADLIB bulls during realimentation in Period 2 (P < 0.001).
RESULTS

Dry Matter Intake, Feed Conversion Ratio, Live Weight, and Live Weight Gain
Skeletal Measurements and Ultrasonically Scanned Muscle and Fat Depth
Skeletal and ultrasound measurements, as affect ed by dietary treatment and period, are presented in Table 3 . Change in growth of the following skeletal traits was lower in RES bulls during Period 1 and sub sequently greater in these bulls in Period 2, leading to treatment × period interactions: chest girth (P < 0.001), length of back (P < 0.05), and width of the pelvis (P < 0.05). Longissimus dorsi growth was greater in the ADLIB bulls in Period 1; however, this was reversed during Period 2 (P < 0.001). Fat accretion followed a trend similar to muscle growth (P < 0.001), being greater in ADLIB bulls during Period 1 and subse quently greater in RES bulls in Period 2.
Carcass Traits
The effect of dietary treatment and period on carcass weight, carcass measurements, and carcass grading in RES and ADLIB bulls in both periods are presented in Table 4 . The carcass measurements of the baseline PRE are also displayed in Table 4 . Carcass weight followed a pattern similar to live weight. Carcasses were heavier in ADLIB bulls in both periods, with a weight difference of 85 kg in Period 1, which was reduced to 55 kg at the end of Period 2 (P < 0.05). A treatment effect (P < 0.001) was identified for carcass conformation grade; this trait was lower in RES bulls across both periods; however, the difference between treatment groups was reduced at the end of Period 2. Fat class score was lower in RES bulls after Period 1 and subsequently increased in these bulls following realimentation at the end of Period 2; however, similar to carcass conformation grade, fat class scores were greater in ADLIB animals across both periods. A tendency toward a treatment × period interaction (P < 0.1) was evident for the length of the leg, which was greater in ADLIB bulls in Period 1, with no difference evident between treatment groups at the end of Period 2. Treatment and period effects were evident for carcass length (treatment, P < 0.001; period, P < 0.05), circum ference round (treatment, P < 0.001; period, P < 0.01), and leg width (treatment, P < 0.05; period, P < 0.05). In each case, these measures were lower in RES bulls across both periods; however, the difference in the measure had decreased in Period 2, compared with Period 1. Carcass depth was lower in both treatment groups in Period 1, resulting in a period effect (P < 0.05). A treatment effect (P < 0.01) was observed for leg thickness, which was smaller in RES animals across both periods.
Noncarcass Components
The relative growth of noncarcass components, ex pressed as a proportion of preslaughter live weight, in RES and ADLIB bulls in both periods are presented in Table 5 . The proportional weights of the baseline PRE are also displayed in Table 5 . Metabolically active or gans such as the liver and components of the gastro intestinal tract were affected by restricted feeding and subsequent realimentation. Treatment × period interac tions were observed for the liver (P < 0.001), empty re ticulorumen (P < 0.01), and the omasum (P < 0.001). These noncarcass components were lighter in RES bulls after Period 1, with no difference subsequently observed between treatment groups at the end of realimentation. Additionally, a period effect was evident for the weight of the intestines (P < 0.001), which were heavier in both RES and ADLIB treatment groups at the end of reali mentation compared with the end of feed restriction.
Kidney and channel fat deposition was greater in ADLIB bulls across both periods (P < 0.001). Proportional weights of the head (P < 0.05), front legs (P < 0.001), and hind legs (P < 0.001) were all heavier in RES bulls across both periods. A treatment effect (P < 0.05) was observed for the proportional weight of the hide, which was heavier for RES bulls across both periods, with the difference between groups greatest after Period 2. The following noncarcass components were not affected by dietary restriction and subsequent realimentation: heart, gall bladder, kidneys, spleen, and the abomasum.
DISCUSSION
Compensatory growth, the observed accelerated growth, on realimentation, following an earlier period of feed restriction, provides a method to reduce feed costs in beef cattle production enterprises. The exploitation of this biological phenomenon facilitates the redistribution of feed supply from a time when feed is scarce and ex pensive (e.g., winter) to when it is more plentiful (e.g., grazed pasture in summer) while still maintaining over all production targets through enhanced performance on less expensive feedstuff (Keane and Drennan, 1994). 3 ADLIB = ad libitum fed animals. 4 Period 1: n = 60 (30 RES and 30 ADLIB); differential feeding period.
5 Period 2: n = 30 (15 RES and 15 ADLIB); ad libitum feeding for both treatment groups.
6 Scaled 1 (poorest) to 15 (best; Hickey et al., 2007) .
7 Scaled 1 (leanest) to 15 (fattest; Hickey et al., 2007) .
Decreased maintenance energy costs, increased feed in take capacity and increased feed efficiency as well as ge netic background have been implicated as the key mech anisms underpinning the CG phenomenon (Ryan, 1990; Benschop, 2000; Hornick et al., 2000; Sanz Sampelayo et al., 2003; Joemat et al., 2004) . However, ambiguity still remains between authors on the optimum duration and severity of restricted feeding due to the influence of confounding factors between studies including differ ences in animal genotype, gender, and age as well as diet type used (Ryan, 1990; Drouillard et al., 1991; Ryan et al., 1993; Yambayamba et al., 1996a; Sahlu et al., 1999) .
As the first in a series of 2 papers, the ultimate objective of this study was to better understand the underlying physiology of CG during the peak phase of accelerated growth. Specifically, in addition to morphological vari ables examined in the current study, we also investigated endocrinological response in the same animals in a com panion study (Keogh et al., 2015) .
Compensatory Growth Response and Feed Conversion Ratio
The extent or success of a CG response may be ex pressed using a "compensatory index." Generally, the CG index lies between 50 and 100% recovery (Hornick 3 ADLIB = ad libitum fed animals. 4 Period 1: n = 60 (30 RES and 30 ADLIB); differential feeding period.
6 Expressed per kilogram slaughter weight.
7 KCF = kidney and channel fat.
et al., 2000). In the current study, previously restrict ed animals displayed a CG index of 48% (interanimal CV = 32%) after a period of only 55 d realimentation.
The CG index may be confounded by a number of fac tors including the age of the animal, the diet type of fered during restriction and realimentation, and poten tially most importantly, the length and severity of the restricted feeding regime (Horton and Holmes, 1978; Coleman and Evans, 1986) . However, individual ani mal responses vary greatly. It is generally considered that the compensatory response may be improved if the duration of growth restriction is short, approximately 3 mo in cattle, and is not too severe. In a study with Holstein steers, Vega et al. (2009) observed a CG index, in realimentation period, of 53% after an initial period of 145 d of restricted feeding. However, the time taken for animals to reach this level of compensation was in excess of 150 d, whereas in their work on restricted and CG in beef heifers, Yambayamba et al. (1996a,b) ob served 100 and 92% CG recovery following 92 and 95 d of maintenance feeding, respectively, on a composite diet of barley and hay in each case. Furthermore, where a moderate dietary restriction was used over 3 mo, CG continued for 4 mo, with bulls and steers displaying recovery indexes of 87 and 63%, respectively, within that time frame (Brandstetter et al., 2000) . Therefore, it is difficult to compare the extent of compensation achieved without acknowledging the contribution of various factors including the age and maturity of the animal, genotype, gender, and diet type in addition to the length and severity of the restricted feeding regime.
The CG response observed in the current study ap pears to be, in part, due to a greater DMI per unit of live weight during realimentation. The RES animals had a greater intake (when expressed per unit of live weight) compared with the ADLIB animals during realimenta tion in Period 2. Greater feed intake or appetite has pre viously been reported for animals undergoing CG (Sainz et al., 1995) . Additionally, an increase in feed efficiency resulting from feed restriction and subsequent CG has been noted in a number of studies (Yambayamba et al., 1996a; Ritacco et al., 1997) ; however, other studies have provided conflicting results (Coleman and Evans, 1986; Sainz et al., 1995; Hornick et al., 1998; Vasconcelos et al., 2009 ). These contrary findings may be due, as earlier stated, to studies using different degrees of nutritional restriction as well as variance in the quality of the reali mentation diet (Tolla et al., 2002) . In the present study, FCR, the ratio between average daily gain and feed in take, was lower for RES animals in Period 2 during re alimentation. This greater feed intake coupled with an evidently improved FCR in these animals indicates that they were more feed efficient during the compensation period. Hornick et al. (1998) observed similar results in an experiment with Belgian Blue bulls. These authors at tributed the improved FCR value to lower maintenance energy requirements concomitant with a high proportion of tissue gain in the form of protein occurring during the first 2 mo of CG. However, FCR tended to increase after this time (Hornick et al., 1998) . Therefore, in addition to reduced costs associated with a restricted feeding regime, the consequential efficiency in feed utilization observed during CG may also benefit the profitability of a produc tion system (Keane and Drennan, 1994; Yambayamba et al., 1996a; Ritacco et al., 1997) .
Musculoskeletal Growth and Fat Deposition
Previous studies examining the effect of feed re striction in sheep observed that early maturing body parts, for example, bones, are least affected whereas later maturing components such as muscle and fat are most affected by dietary restriction (Kamalzadeh et al., 1998) . Indeed, a similar finding was evident in the cur rent study where following a period of dietary restric tion, proportional weights of early maturing body com ponents including the head and legs were significantly greater in RES animals across both periods. However, as previously described by Dashtizadeh et al. (2008) , such body components are less affected by a reduc tion in feed intake, and as a consequence, the greater proportional weight of these components is mainly a consequence of the dilution effects of the heavier slaughter weight observed for ADLIB bulls. Pelvic width and chest girth and depth measures comprise rel atively late maturing body tissues, namely muscle and fat, and therefore, slower growth of these components would be expected in accordance with an overall reduc tion in body growth. In the current study, these traits were most affected by feed restriction and subsequent CG, with slower growth during restriction followed by greater growth during realimentation observed for RES cattle compared with ADLIB cattle. These results are in agreement with the findings of Kamalzadeh et al. (1998) , who recorded slower development in mor phological traits including body width, girth, and depth measures during feed restriction in sheep. The authors attributed their findings to the mobilization of fat and muscle tissues during dietary restriction and less par titioning of nutrients toward these tissues during nutri tional restriction. Body measurements associated with skeletal infrastructure such as height at withers and the length of the back, however, tend to be less affected during restricted feeding, as bone growth is less sensi tive to nutritional restriction compared with soft tissues such as muscle and fat (Joubert, 1954) . Although, in the current study, the skeletal measurement of wither height was less affected by a period of restriction, the same trend was not observed for the length of the back. This trait followed the same progression as width, girth, and depth measurements studied. Lawrence and Pearce (1964) also described greater effects of realimentation on body length than on height in beef cattle.
Hide weight followed a pattern consistent with the other external morphological measurements conducted. Although smaller in magnitude on both occasions, the proportionally greater hide weight observed for RES bulls compared with ADLIB bulls for periods 1 and 2 reflected the greater dilution effect of a heavier carcass for ADLIB bulls and the hierarchy in partitioning of nu trients away from storage tissues such as muscle and fat, as discussed above. A similar finding was also ob served by Fadol and Babiker (2010) , with hide weights expressed as a proportion of live weight being heavier in animals that had received a restricted intake.
Accelerated growth of longissimus dorsi, an eco nomically important tissue, was observed in bulls un dergoing CG in the current study. These results are in agreement with Schoonmaker et al. (2004) , who also reported accelerated growth of this tissue. In their study and, indeed, others (Keady, 2011) , no difference in measured muscle depth was evident at the end of re alimentation in CG. Indeed, Keady (2011) reported that although an overall body CG index of only 52% was achieved after 200 d of realimentation, full recovery of longissimus dorsi was observed. Furthermore, rate of muscle deposition was greatest during the start of re alimentation in that study, with 56% of muscle CG oc curring in the first 32 d of realimentation (Keady, 2011) .
Priority for synthesis and deposition of fat is lower than in muscle, with less energy partitioned toward fat deposition during undernutrition. In the current study, fat depth measurements followed a pattern similar to mus cle depth, with less deposition occurring in RES bulls during Period 1 with the inverse situation occurring in Period 2. This was evident through differences between RES and ALDIB bulls in ultrasonically scanned fat depth measurements and in the weight of internal fat depots as well as carcass fat classification scores at slaughter. The difference in proportional weight of the kidney and channel fat between RES and PRE bulls in the current study indicates that RES animals were still depositing fat throughout the period of restricted feeding. This re sult is not surprising as they were not in a state of nega tive energy balance, growing at a respectable 0.6 kg/d. Kidney and channel fat was much lighter in RES bulls after Period 1 when compared with ADLIB animals at that time. However, although kidney and channel fat in creased during realimentation for RES bulls, it did not reach the same weight as for ADLIB bulls. These results are consistent with the fat class grades, whereby subcu taneous fat was much less for RES bulls than ADLIB bulls at the end of Period 1, but this tissue increased substantially, although not fully, in RES bulls during re alimentation. Lower subcutaneous fat depots were also observed in other studies following a period of restricted feeding (Vasconcelos et al., 2009; Keady, 2011) . With a reduction in feed intake, there is a systematic reduction in the amount of insulin produced and required by the animal. As insulin can increase lipid synthesis, a reduc tion in circulating insulin would be expected to be as sociated with less fat deposition. Differences in systemic concentrations of both insulin and leptin recorded in a companion study (Keogh et al., 2015) were consistent with the fat accretion data reported here.
Evidence of tissue growth during feed restriction was apparent through the increase in carcass measure ments in both RES and ADLIB bulls at the end of Period 1 compared with measurements recorded from PRE ani mals. By the end of Period 2, there was some evidence of convergence in body size. However, the degree of dif ference in carcass measurements that was still retained by the end of Period 2 suggests less carcass tissue de position for RES bulls during early realimentation. This was also reflected in the greater dressing percentage for ADLIB bulls at the end of Period 2. This may have been due to an additional requirement for RES bulls to divert available dietary energy toward replenishment of meta bolically active tissues ahead of other tissues during early realimentation. However, although not the focus of the current study, previous work from our own group identi fied no differences in carcass measurements following a period of 200 d of realimentation and CG (Keady, 2011) . Additionally, Patterson and Steen (1995) reported that plane of nutrition before onset of finishing did not af fect carcass measurements in Friesian steers. Similarly, Schiavon et al. (2010) and Keane and Moloney (2010) each reported that plane of nutrition during background ing had no effect on final carcass conformation grading scores at the end of the finishing period.
Visceral Organ Growth
A reduction in the size and growth of visceral organs has been previously observed in nutritionally restricted animals (Ryan et al., 1993; Yambayamba et al., 1996a) . Energetically expensive splanchnic organs incur a high metabolic energy requirement and may be reduced in size during a period of under nutrition, providing a mech anism for the animal to reduce its overall maintenance energy requirements (Ryan et al., 1993; Yamabayamba et al., 1996a) . As the liver and gastrointestinal tract both have a large influence on the body's total oxygen con sumption (oxygen consumption is in the order of 25 and 18%, respectively, of total oxygen consumption by the body; McBride and Kelly, 1990) , through their high metabolic activities, changes in the energy metabolism of these organs could have profound effects on efficiency of whole body energy utilization (Ortigues and Doreau, 1995) . Additionally, fluctuations in weights of the liver and gastrointestinal tract have been shown to be propor tional to dietary intake (Johnson et al., 1990) . This may be attributable to an increase in both volume of digesta and supply of nutrients, primarily through changes in cell number and size and, consequently, protein turnover (Ortigues and Doreau, 1995) . Additionally, Connor et al. (2010) reported that steers exhibiting CG displayed a greater efficiency of live weight gain than control ani mals, which occurred in parallel with a greater hepatic expression of genes involved in metabolic processes such as cellular metabolism, oxidative phosphorylation, and the citric acid cycle.
In the current study, RES bulls had a lower pro portional weight of liver, omasum, and empty reticu lorumen at the end of the differential feeding period, evidencing a reduction in the size, and potentially the metabolic activity, of these organs to alleviate the high basal energy cost associated with their maintenance (Ryan et al., 1993) . Yambayamba et al. (1996a) also identified a lower proportional weight of liver in feed restricted heifers when compared with a PRE 'group' as well as to their ad libitum fed contemporaries. Similarly, in our own study, proportional weights of the liver, reticulorumen, and omasum were all lighter in RES bulls at the end of Period 1 compared with propor tional weights of the PRE 'group'. However, contrary to our own results, Yambayamba et al. (1996a) did not observe a proportional reduction in the weight of the empty reticulorumen, instead reporting an increase in the proportional weight of these organs in restricted heifers compared with the baseline group, with com parable weights recorded between the restricted and ad libitum heifers. We observed that these noncarcass components remained lighter in RES animals at the end of Period 1 compared with ADLIB animals, but this difference had disappeared by 55 d of realimen tation. Because the liver is the center for intermediary metabolism (Stangassinger and Giesecke, 1986) , feed restriction would be expected to decrease its metabolic activity and size (Burrin et al., 1990) . Similarly, the gastrointestinal tract also responds to restricted feeding through a reduction in tissue mass (Ryan et al., 1993) . Furthermore, the physical and physiological adaptation of the liver to periods of increased metabolic demand, such as at the start of lactation, is well documented. Ryan et al. (1993) proposed 2 reasons for a reduction in size of these splanchnic tissues during dietary restric tion. First, the demand for these tissues to process nutri ents decreases during nutritional restriction as less feed is consumed. Second, these tissues are extremely meta bolically active and so incur a high basal maintenance requirement to the animal. Reducing the proportion or size of these tissues during a restriction in feed intake would, therefore, enable the animal to reduce its main tenance energy requirements, allowing it to better cope with a reduced energy intake. Additionally, a reduced maintenance energy requirement could sustain from a period of restricted feeding into subsequent realimen tation allowing for the partitioning of more energy to ward muscle and fat deposition.
Conclusions
During the 55 d of realimentation used in the cur rent study, the animals achieved a CG index or re sponse of 48%. There was evidence that this compensa tion may have been mediated through a retardation in the growth of some splanchnic tissues and potentially in their metabolic activity, during undernutrition, which persisted into the realimentation period. Additionally, development of other energetically expensive tissues such as skeletal muscle and adipose was reduced during dietary restriction. During realimentation, greater pro portional DMI was observed, which when coupled with the improved FCR recorded, indicates that greater feed efficiency plays an important role in the compensation process. Rapid recovery in the growth of tissues such as the liver and gastrointestinal tract as well as accelerated growth of muscle and adipose stimulates inquiry into underlying molecular processes regulating CG. Further research is required to identify the key gene pathways, genes, and their variants regulating the CG phenom enon in cattle to facilitate selection of animals with greater ability to express the trait.
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